The prospects for electroweak precision measurements at the Future Circular Collider with electron-positron beams (FCC-ee) are discussed. The Z mass and width, as well as the value of the electroweak mixing angle, can be measured with very high precision at the Z pole thanks to an instantaneous luminosity five to six order of magnitudes larger than LEP. At centre-of-mass energies around 160 GeV, corresponding to the WW production threshold, the W mass can be determined very precisely with high-statistics cross section measurements at several energy points. Similarly, a very precise determination of the top mass can be provided by an energy scan at the tt production threshold, around 350 GeV.
Introduction
The Future Circular Collider (FCC) concept builds on the successful experience with the LEP-LHC tunnel. A possible long-term strategy for high-energy physics at colliders, after the exploitation of the LHC following its High Luminosity upgrade, is based on a tunnel of about 100 km circumference, which takes advantage of the present CERN accelerator complex. In a first phase the tunnel could host an e + e − collider (FCC-ee) at centre-of-mass energy between the Z pole and above the tt production threshold, with a subsequent proton proton collider as an ultimate goal. Together with a possible electron-proton option, the project would provide 50 years of physics at the highest energies.
Future Circular Collider study groups have been formed, aiming at a Conceptual Design Report and a review cost in time for next European Strategy milestone (2018-2019). The groups should define the infrastructure requirements and the physics potential of the various steps. As can be seen from Fig. 1 , a 80 to 100 km tunnel can fit in the Geneva area. A similar project, albeit with smaller size, is being considered in China (CEPC).
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• beams of 45.6 GeV (Z pole),
• beams in the range 80 -100 GeV (at and just above the WW production threshold),
• beams in the range 170 -180 GeV (at and just above tt production threshold), with the potential of reaching 250 GeV.
The prospects for FCC-ee as an Higgs factory, with beams of 120 GeV, are discussed elsewhere in these proceedings [2] .
The FCC-ee accelerator
The potential of a very large e + e − circular collider has drawn considerable attention following the Higgs boson discovery. The Higgs boson mass is low and not far from the hedge of LEP sensitivity, about 115 GeV, which is only 10% lower than the mass actually measured at LHC, i.e. 125 GeV. The highest centre-of-mass energy attainable at a circular collider is limited by radiation losses by the beam. Synchrotron energy loss per turn goes as E 4 /r, where E is the beam energy and r the radius of the ring. An increase of the radius by a factor three, which is roughly the ratio between the proposed FCC and the LEP radii, would be sufficient to produce the 125 GeV Higgs boson with about one half of the RF power utilised at LEP . A collider with such a large ring would also give an excellent opportunity to perform precision measurements at the Z pole, at the WW production threshold and at the tt production threshold, providing a unique discovery potential by combining precision measurements and direct searches (e.g. search for righthanded neutrinos [3] ).
The present conceptual design of the machine is driven by the requirement of precision Higgs physics at a centre-of-mass energy of 240 GeV and foresees a power consumption a factor five higher than LEP, still manageable, with a multi-bunch scheme. The same total power can be exploited to increase the centre-of-mass energy, with a reduction of the number of bunches and, consequently, of the luminosity. This way the tt production threshold can be reached, opening a window to top physics and in particular to a precise measurement of the top mass. On the other hand, the centre-of-mass energy can be lowered and the RF power used to increase considerably the number of bunches and, therefore, the luminosity. Recent studies [4] have shown that at the Z one can introduce "crab waist" collision techniques and increase the luminosity even further.
The FCC-ee design is based on an accelerator ring with a storage ring delivering continuous top-up injection. The storage ring compensates for the small beam lifetime caused by Bhabha scattering and loss of particles in collisions, providing a constant level of luminosity [5] . The multi bunch operation foresees more than16000 bunches with beams of 45.6 GeV (Z Pole) and about 100 bunches with beams of 175 GeV (tt pro- duction threshold). Figure 2 shows the FCC-ee expected instantaneous luminosity as a function of the centre-ofmass energy, if the luminosity is delivered at four interaction points. The highest luminosity is reached at the Z pole, as expected from the previous considerations. The behaviour is clearly complementary to linear colliders: much higher luminosity can be reached at a centre-ofmass energy well above 350 GeV, while linear colliders can potentially reach a much higher centre-of-mass energy.
Physics at the Z pole
A unique feature of an electron positron circular collider is the possibility to perform a high precision measurement of one of the pillars of electroweak fits: the Z mass trough the line-shape scan. Here the key point is the knowledge of the centre-of-mass energy during the scan, which is by far the dominating systematic uncertainty in the Z mass measurement. At LEP a precision of 2 × 10 −5 was reached [6] with the technique of resonant depolarisation [7] . At FCC, as explained below, the precision could be increased by at least one order of magnitude: this method would lead to an uncertainty of 100 keV on both the Z mass and width.
In a circular collider, transverse polarisation builds up naturally because of the Solokov-Ternov effect [8] , which is related to bremsstrahlung. A magnet providing horizontal B field, positioned along the ring, can be used to tilt the electron spin, inducing Thomas precession. If the electron spin turns out to be in phase at next turn, the horizontal B field will eventually rotate the spin in the accelerator plane, destroying polarisation. (Polarisation in the horizontal plane is affected by depolarising effects.) The on phase condition can be used to determine accurately the beam energy. The beam polarisation is measured by means of a laser with Compton scattering, which depends on the electron spin direction. At LEP uncertainties on the beam energy of the order of 100 KeV were achieved in dedicated polarisation runs, however the final systematic uncertainty was much larger because the polarisation had to be transported to collision physics runs. In the extrapolation several effects had to take into account such as the impact of earth tides, of geological shifts (e.g. the water level in the Geneva lake), temperature variations, parasitic currents (e.g. railways trains), etc. At FCC it is possible to dedicate a few of the many bunches to this purpose, and monitor the beam energy continuously, without requiring an extrapolation, with the goal of being affected by statistical uncertainties only.
Polarisation is very interesting also for another reason: spin rotators can be employed to achieve longitudinal polarisation. Longitudinal polarisation is the key to sort out the sin 2 θ W puzzle, which is the long standing difference between the determination of the electroweak mixing angle from the left-right asymmetry, A LR , and the Z → bb forward-backward asymmetry [6] . With two polarised beams a measurement of A LR can be performed without an independent knowledge of beam polarisation by alternating the polarisation of the two beams [9] . In addition the b electroweak couplings can be determined, by means of a measurement of the polarised forward-backward Z → bb asymmetry and of the Z → bb partial width.
A very high statistic run at the Z pole is also very interesting to increase the precision of other observables, such as the ratio between the leptonic and hadronic Z decay widths, leading to improved determination of α s . A precise test of lepton universality can also be performed by comparing Z decays to electron, muon and tau pairs.
Another important subject concerns the number of quark-lepton generations. At LEP the number of neutrino families was determined from the total hadronic cross section at the Z peak and the final uncertainty was dominated by the theoretical knowledge of the Bhabha cross section used for the luminosity normalisation. Theory calculations need to be improved beyond the current 10 −3 level to gain precision with this method. Potentially more promising is the use of Z radiative returns by running at higher centre-of-mass energy, i.e. the process e + e − → Zγ, leading to the detection of a monochromatic photon for invisible Z decays. This second method was limited by statistics at LEP, but would give a very precise determination of the Z invisible width at FCC-ee. Radiative Z returns could also be used to perform an extensive search for sterile neutrinos [3] .
Physics at the WW production threshold
With the integrated luminosity expected at FCC-ee in one or two years of running at a centre-of-mass energies between 160 and 200 GeV one can expect O(10 8 ) WW pairs, four orders of magnitudes more than LEP [10] . A run at 160 GeV is particularly interesting, since the WW production cross section is very sensitive on the value of the W mass. Again, to perform a precise measurement of the mass, an accurate determination of the centre-ofmass energy is required.
At high energy the resonant depolarisation technique is getting less and less usable to determine the centreof-mass energy because of the growing beam energy spread of the machine, which lowers the degree of beam polarisation. At LEP transverse polarisation was achieved only up to a beam energy of about 60 GeV. However, the beam energy spread is expected to be lower at FCC than LEP because of the larger radius of the accelerator and, based on LEP experience, beam polarisation should be available at the WW threshold, with the potential of achieving a very precise measurement of the W mass. This possibility will allow to take full advantage of the increase in WW statistics of four orders of magnitudes with respect to LEP and, extrapolating from LEP results, to reach a precision of 0.5 MeV with the threshold scan method.
One can also expect improvements for the direct W mass reconstruction method based on di-jet invariant mass, which reached a precision of about 30 MeV at LEP [10] . The systematic uncertainties in the semi-leptonic channel, which is not affected by colourreconnection effects, are dominated by the understanding of the jet energy scale and jet angular resolution, in the range 10 -20 MeV for the final LEP measurements. Very high statistics jet studies, better detectors and improved Monte Carlo simulations can lower considerably these uncertainties. From the di-jet invariant mass a precise direct determination of the W width can be obtained, too.
At around 200 GeV centre-of-mass energy, there is also excellent potential for very precise measurements of boson self-couplings. Here the key is the possibility to measure differential distributions with very high statistics. As an example, for the charged triple gauge Figure 3 : Simulation of a scan around the tt threshold at FCCee [11, 12] . Each centre-of-mass energy point corresponds to 10 fb −1 , about one week of running at FCC-ee with the expected instantaneous luminosity. The solid curve is taken from a NNLO calculation [13, 14] , where QED ISR and FCC-ee beam parameters have been included. It assumes a top mass of 174 GeV in the 1S mass scheme, which is shifted by 200 MeV in opposite directions in the two dashed curves.
couplings, the W − production angle in e + e − → W + W − and the four W bosons decay angles can be used to separate the various polarisation components and compare their intensity with the predictions of the standard model. Deviations from the prediction are expected for anomalous gauge couplings and can be used to investigate the gauge structure of new physics. Precisions at the level of per mille or better for charged couplings can be expected.
Physics at the tt production threshold
The FCC-ee can also be a very clean top factory with over one million tt pairs produced in a few years in a very clean experimental environment. The most important achievement in this area would be a sizeable jump in precision in the determination of the top mass, which is currently determined at hadron colliders with an experimental precision of about 0.5%. The theoretical interpretation of the experimental measurements with the current precision is already challenging, essentially because the top quark colour charge is transferred to the b quark in the t → Wb decay, yielding a set of final state hadrons that cannot unambiguously be related to a single initial top quark. The measurement of the top mass parameter from the invariant mass of decay products is therefore affected by an uncertainty of the order of Λ QCD ∼ 500 MeV, which is inherent in the method itself.
The measurement of the inclusive cross section for the process e + e − → tt, which is very sensitive to the top mass at top pair production threshold, offers the opportunity to avoid the above mentioned problem because of the colour singlet nature of the production mechanism. The use of this process for a well-defined measurement of the top mass parameter has been already stressed many times in the context of of ILC studies [11, 12, 13, 14] .
At FCC-ee one could perform a top mass measurement with essentially the same precision of a linear collider, for the same integrated luminosity. A circular collider, and in particular the FCC-ee, has the advantage of a low beamstrahlung level, with a narrow beam energy spectrum having a very low tail. As a consequence the cross section just above threshold is essentially independent on the top mass, which is a useful feature for combined fits of the top mass and other parameters (e.g. the top width, α s or the top-Higgs Yukawa coupling). This expected behaviour has been recently checked with tools developed in the context of ILC studies, where typical FCC-ee beam parameters have been included [11, 12] , as shown in Fig. 3 .
If a statistics of one million tt pair is considered, with an accurate knowledge of the beam energy spectrum and an independent precise measurement of α s one could aim to a statistical precision of 10 MeV on the top mass. The final precision will eventually depend on the theoretical uncertainty related to higher order QCD corrections.
The study of top decays produced in e + e − collisions is also very promising for the search of rare processes, such as decays induced by Flavour Changing Neutral Currents [15] . Running well above the tt production threshold at FCC-ee would also be possible, a centreof-mass energy of 500 GeV would require tripling the RF power, with the possibility of studying the associated production of top pairs and vector/scalar bosons.
Summary of the goals and final remarks
In conclusion a very large circular collider with electron-positron beams, taking data at centre-of-mass energies from 90 to 350 GeV and above could provide an impressive jump in precision in the knowledge of most electroweak observables. Potentially it could be used to measure the Z mass and width with an uncertainty of 100 KeV, the W mass with an uncertainty of 500 KeV, the top mass with an uncertainty of 10 MeV. The real achievable precision must be evaluated with studies in realistic conditions, and after having reviewed in details the many experimental and theoretical challenges.
If the above goals are achieved, the contour line in the celebrated m top vs m W plot could evolve from today to FCC-ee, passing through a series of successive steps in precision at various accelerators, as shown in Fig. 4 . Electroweak fits have historically anticipated the top and Higgs boson mass values, which such a jump in precision they could provide discriminating power for new physics. Sensitivity to new physics energy scales up to 100 TeV can be envisioned [16] .
Nowadays particle physics is not facing a standard model, but rather an exceptional model, which must be challenged at very high precision. While the hope is to detect soon signals of new physics, it is unlikely that a full scenario will appear at short-medium term. At this point in time a precision e + e − machine looks like a natural and effective next step. A circular collider would provide very high precision measurements of electroweak observables (including a very detailed study of the Higgs boson) and it would pave the way to next high energy hadron collider.
